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A complete and systematic effective field theory analysis of new physics effects in // — > ZZ 
and // — >• "fZ is performed. Results are presented for the different initial and final-state polarized 
differential cross sections in terms of oblique, gauge- fermion and neutral triple gauge corrections 
(nTGC). Phenomenological signatures for new physics detection at the LHC and at future linear 
colliders are discussed. In comparison to WW production, they follow a completely different pattern: 
nTGC only appear at NNLO in the effective field theory expansion and, accordingly, are extremely 
suppressed. However, in the high energy regime, v <C i/s <C 3 TeV, nTGC are shown to neatly 
dominate the longitudinal-transversal final-state polarizations over the standard model background. 
Their tiny effects get hugely amplified at energies i/s ~ (0.6 — 1) TeV and can easily generate up 
to 20% deviations over the standard model predictions. 
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I. INTRODUCTION 



Gauge boson pair production has become one of 
the main tools to test the standard model struc- 
ture of the gauge boson self-couplings and place 
bounds on new physics corrections [l|, [2[ . Starting at 
LEP 3], the scrutiny of triple gauge vertices has be- 
come a standard strategy to probe new physics in the 
pure gauge sector and holds a prominent position in 
the physics programs at the Tevatron, the LHC and 
future linear collider facilities. Such analyses rely 
on the following points: (i) the triple gauge vertex 
corrections are assumed to be the dominant sources 
of new physics in // — > WW, 7Z, ZZ, for instance 
over gauge-fermion corrections, which are neglected; 
and (ii) the kinematic invariants that parametrize 
the triple gauge vertices are upgraded to form fac- 
tors in order to preserve unitarity at high energies. 
(See [4[ for a general review. For concrete studies at 
hadron colliders, the reader is referred to (HtSI]-) 

There are some aspects of the standard analysis 
above that are not entirely satisfactory. First of 
all, gauge-fermion operators are parametrically on 
the same footing as the triple gauge operators for 
charged pair production and even dominant for neu- 
tral diboson production. Moreover, they can be re- 
lated to triple gauge and oblique operators through 
field redefinitions, and neglecting them is in general 
inconsistent [9| . Gauge-fermion effects could still be 
numerically suppressed, but so far the LEP global 
electroweak fit gives no indications thereof: con- 
straints on gauge-fermion and triple gauge operators 
are comparable [lOj . 

A form factor ansatz for the triple gauge ver- 
tex kinematical invariants is also objectable. Triple 
gauge parameters encode the underlying dynamical 
content of the electroweak theory. Regardless of the 



specific form of this UV-complete theory, at low en- 
ergies it has to satisfy the SU(2) x U(l) standard 
model symmetry. The form factor ansatz is however 
blind to the standard model symmetry. 

Both points can be improved if one adopts an ef- 
fective field theory approach. To build an effective 
field theory one only needs to specify the field con- 
tent of the theory and the symmetries to be obeyed 
at a given scale and endow the resulting set of oper- 
ators with a power-counting, such that they are ar- 
ranged as a series in inverse powers of a new physics 
scale A. Such an approach is by construction model- 
independent, SU(2) x U(l) invariant, and systemat- 
ically improvable. Moreover, since the theory is only 
valid up to the scale A, it is automatically protected 
against unitarity breaking. The power-counting pro- 
vides an ordering criteria for the operators and thus 
selects the most relevant features at a given energy 
scale, filtering out the unnecessary details. As a re- 
sult, triple gauge vertex corrections can be expressed 
in terms of a small set of coefficients while respecting 
the standard model gauge symmetry. 

Effective field theory methods were applied in the 
past to the study of both charged and neutral gauge 
boson pair production. However, a complete and 
systematic analysis for WW production was only 
recently performed in |9|. There it was shown that, 
once a complete set of effective operators is included, 
the leading new physics corrections to WW produc- 
tion at LHC and linear colliders can be parametrized 
entirely in terms of gauge-fermion operators. 

In this paper I will extend the previous analysis 
to neutral gauge boson ZZ and ^Z production by 
working out the full set of new physics contributions 
affecting // — > ZZ and // — > 7Z and studying 
their impact at energy scales s ^> v 2 . Fast con- 
vergence of the EFT expansion additionally requires 
that s <C A 2 . Given that new physics effects (if 



present) are expected to appear at the TeV scale, in 
practice this entails a rather broad energy window, 
namely ,/s ~ (0.6 — 1) TeV, which nicely fits the 
operational energies of the LHC and future linear 
colliders. 

Since the nature of the scalar sector of the stan- 
dard model is still unclear, it is advisable to work 
both with a linear and a nonlinear realization of elec- 
troweak symmetry breaking. The linear realization 
assumes that the dynamics of electroweak symme- 
try breaking is weakly coupled, while the nonlinear 
realization is especially suited for strongly-coupled 
scenarios. In the former case, new physics is decou- 
pled and A is a free parameter; in the latter instead 
one naturally expects A ~ 4irv ~ 3 TeV. 

Detection of new physics effects in neutral diboson 
production is a rather challenging task. Unlike the 
charged case, neutral triple gauge vertex effects are 
extremely subtle: the standard model contribution 
cancels at tree level and only appears at one-loop as 
anomalous fermion triangles, which bring 0(1CP 4 ) 
contributions [Ill - [l3j to some of the triple gauge pa- 
rameters. New physics effects only appear as NNLO 
effective operators and are likewise suppressed. As 
a result, the cross section for both -fZ and ZZ pro- 
duction is overwhelmingly dominated by tree level 
contributions in the t and u channels. 

In this work I will show that a final-state polariza- 
tion analysis is the right tool to unveil new physics 
in ZZ and ^Z production. This is in sharp con- 
trast to the charged case. The main observation 
is that standard model physics predominantly af- 
fect the final-state transversal (TT) polarizations. 
Anomalous nTGV effects are instead dominant for 
LT polarizations, where the standard model is only 
present through one-loop effects, which quickly de- 
couple as In s/s 2 



13j to comply with anomaly con- 



sistency conditions. Therefore, even though LT po- 
larizations are largely suppressed, they offer a re- 
markably clean test of anomalous nTGC: despite 
the smallness of the coefficients, at y/s = (0.6 — 1) 
TeV new physics corrections get extremely magni- 
fied, typically to 0(20%) corrections. 

This paper will be organized as follows: in Sec- 
tion |n] I will discuss the most general form of new 
physics corrections in diboson production both at 
linear and hadron colliders. In Section IIIII I will 
work out the relevant effective field theory opera- 
tors both in the linear and nonlinear realizations and 
give expressions for the new physics corrections in 
terms of the EFT coefficients. Section IIVI collects 
the results for the (initial and final-state) polarized 
cross sections for both e + e~ — > ZZ and e + e~ — > jZ 
processes. In Section |VJ I compare the results ob- 
tained with those of WW production. Conclusions 
are given in Section IVII 



II. NEW PHYSICS EFFECTS IN ZZ AND 
jZ PRODUCTION 

In this Section I will discuss all the possible 
sources of new physics affecting // — » ZZ and 
// — > jZ. In Fig.Q]I have listed the different topolo- 
gies that contribute to neutral gauge boson pair pro- 
duction. The leading contribution comes from the 
standard model t and u-channel exchanges (first two 
diagrams) while new physics effects generate also s- 
channel and contact term interactions. I will first 
discuss the structure of the triple gauge boson ver- 
tices and later on devote some time to the remaining 
new physics-induced contributions. 

For generic on-shell gauge bosons (or off-shell but 
coupled to a conserved current), one can show that 
the most general expression parametrizing the triple 
gauge vertex contains just 7 independent kinemati- 
cal structures [2]: 

Fpv\(pi,P2iq) = hQx9p,u + hipiuQ^X ~P2p9u\) 

+ ih(piv9ii.\ + P2fi9ux) + hP\vP2p,Q\ 

+ ihe^vXpQ 9 + h^pu\ P q p + hQ\tpua P PiP2 

(1) 

where q — pi + P2 and Q = p\ — pi . The previ- 
ous expression applies, for example, to WW pair 
production through Z-cxchange. For WW produc- 
tion through photon exchange a further restriction 
applies: the structure {W+ V W»- ~ W~ V W^ + )A V is 
fixed by the charge of the W and thus does not get 
renormalized. Moreover, gauge invariance implies 
that /3 ( 5 ~ s [2]. This means that for an on-shell 
photon such terms are absent. In fact, as I will dis- 
cuss in more detail in the next Section, such contri- 
butions can always be reshuffled through gauge field 
redefinitions. As a result, and without loss of gen- 
erality, new physics effects in the ^y*WW vertex can 
be reduced to 4 independent kinematical structures. 
Further reductions occur for the neutral case. For 
both ^* ZZ and Z* ZZ, Bose symmetry dramatically 
simplifies the vertex to two structures, namely 

r ^\(pi,P2;q) = i^X{piv9p\ +P2 fJ ,gv\) + in2^xpQ p 

(2) 

It can be shown that all the coefficients above scale 
as fiY ~ ( s — m v)- F° r 1* ZZ this is a consequence 
of gauge invariance, while for Z* ZZ it can be even- 
tually traced back to Bose symmetry. 

For 7*7^ and Z*^Z, gauge invariance restricts 
the form factors to take the form 

r fJx (PijPa; l) = "i-Pi (P2\9pv - P2p9v\) + i0%tpv\ P V% 



l-j^P2p{Pl ■ P29v\ - PluP2\) + i-j^Q\ep,v 



a^fi 



A 2 



(3) 



with pY ~ (s — my). Terms proportional to the 
Levi-Civita tensor in Eqs. ([2]) and ([3]) are CP con- 
serving (but P violating), while the remaining terms 
violate CP. Since I will be interested in the (leading) 
linear new physics corrections, which come from the 
interference of new physics and the standard model, 
only the CP conserving structures will contribute. 
Furthermore, it is clear from Eq. © that the last 
line is parametrically suppressed. In an EFT lan- 
guage, such terms are generated at NNNLO and can 
be safely neglected. Therefore, only the 4 parame- 
ters fiY^pY wm be of relevance in the forecoming 
analysis. 

I will now turn my attention to the remaining new 
physics contributions. As discussed in the Introduc- 
tion, the only way of taking into account all pos- 
sible corrections consistent with gauge symmetry is 
to work within an effective field theory. As a result 
of gauge symmetry, the form of the corrections in- 
duced by the effective operators will not only affect 
the vertices of Fig. [T] but will also effect shifts both 
on the gauge boson kinetic terms and the fundamen- 
tal standard model parameters. 

Quite generically, gauge-fermion interactions will 
receive new physics contributions in the form 



Cf = eipj^A^tp + e 



E 

j=L,R 



.(0) 



cr+K 



i>jin z>i ^j 



(4) 
-tw are the standard 



where ci° } = t 2 w and Cr = 
model tree level values. 

Gauge boson kinetic term corrections can be 
parametrized as 



£ 



1 



K 



(1 



2A z )Z ilv Z^ 



1 



-A AZ A^Z^ 



(1 - 2A A )A^A^ 
(5) 



Finally, since gauge invariance forbids corrections 
to a em , shifts in the standard model fundamental 
parameters can only affect mz and G F as raz — > 
(1 + 8 M )m z and G F -»• (1 + 2S G )G F . 

The best strategy is to reabsorb the kinetic gauge 
mixing terms and the shifts in the parameters into 
vertex corrections [1J|. Kinetic terms are canoni- 
cally normalized with the redefinitions: 






A z )Z ll 

A A )A I1 



AazZ u 



(6) 



Accordingly, the standard model fundamental pa- 
rameters have to be renormalized as 



mz = (1 - 5m - Az) mz 
G F = (1- 26 ) G F 
e=(l-A A )e 



(7) 



where Sj characterize the direct new physics con- 
tributions, while Aj are the shifts due to the gauge 
boson kinetic normalization. The previous equations 
imply that 



sw = (1- A w ) s w 



(8) 



where 



r 2 
'IV 

C2W 



A W = ^ (A A -A z - 5 M - 6 G ) (9) 



The net effect is therefore a correction to the gauge- 
fermion couplings as 

8Q L = 5( L - C ^ Sm + Sg + ( Aj4 - A z )t 2W + A AZ 

C 2W 

SCr = SCr + C^ Sm + Sg + (A A - A z )t 2W + A AZ 



C 2 W 



(10) 



Explicit expressions for the different new physics 
parameters, namely /iY , $2 > ^Cl,r, $m,g and 
A A . ZyAZ in terms of EFT coefficients will be given 
in the next Section. 



III. EFFECTIVE FIELD THEORY 
ANALYSIS 

As discussed in the Introduction, given the present 
status on the nature of the scalar sector of the stan- 
dard model, it seems warranted to perform the anal- 
ysis both in effective field theories with linearly and 
nonlinearly realized electroweak symmetry break- 
ing. The differences between both realizations are of 
profound dynamical significance and affect the na- 
ture of the new physics scale: in the linear theory, 
the new physics scale A decouples and dimensional 
power-counting applies. In contrast, in the nonlin- 
ear theory the scale of new physics is dynamically 
generated and therefore bound to be A ~ 4irv ~ 3 
TeV. This invalidates the naive dimensional power- 
counting, which has to be substituted by a more 
elaborate one [la |. Despite the differences, for pro- 
cesses like gauge boson pair production, in which 
the scalar sector is not directly involved, both effec- 
tive field theories should differ only slightly. In WW 
production, for instance, the number of operators on 
both theories is roughly the same, but in the linear 
case some of them are further suppressed (i.e., they 
are shifted from NLO to NNLO) ||. 

In the following I will be working with the general 
nonlinearly- realized effective field theory developed 



in Ref. 15| and only later I will compare with the 



linear realization. In the (minimal) nonlinear frame- 
work, electroweak symmetry breaking is realized by 
spontaneously breaking a global SU(2) F x SU(2)r 




FIG. 1: Different topologies contributing to neutral gauge boson production. Dotted vertices start at leading order, 
while crossed ones appear at NNLO. 



down to SU(2)y. The resulting Goldstone modes 
are then collected into a matrix U transforming as 
9L,Ug R under the global group. One also defines 

D fi U = d u U + igW u U-ig'B fl UT 3 (11) 

such that the standard model subgroup SU(2)l x 
U(1)y is gauged. Henceforth I will use the short- 
hand notation 



L, 



iUD a U^; 



t l = UT 3 U^ 



(12) 



for the Goldstone covariant derivative and the cus- 
todial symmetry breaking spurion T 3 . With these 
definitions, at leading order one gets 



+ 1 



E 

j=L,R 



Ipjftlpj + £Yukawa(U, fj,fj) (13) 



where 



D^l = (0„ + igW„ + ig'Y L B^j L 
D^ R = {d a + ig'Y R B a )^ R 



(14) 



In this work I will be only concerned with first-family 
leptons, such that the Yukawa terms will be negligi- 
ble. 

NLO operators can be generically defined as 



C 



NLO 



po 



,,6-dj 



•E^^aT^ 



(15) 



where dj is the spacetime dimension of Oj. From 
the previous equation it is clear that due to the non- 
decoupling nature of the interactions, naive dimen- 
sional power-counting is not at work. NLO oper- 
ators were fully classified and worked out in 



With U,ip,X as shorthand notations for Goldstone, 
fermion and gauge fields, the classes were denoted as 
UD 4 , XUD 2 , X 2 U, ip 2 UD, ^ 2 UD 2 and vb 4 U . Out 
of this, the only relevant classes for // — > jZ, ZZ 
at NLO are X 2 U, yj 2 UD and yj 4 U. The relevant 
subset of operators is 

2 

£nlo = E X i° x i + E ^3°V3 + P°li + VifOlf 

3 3 

(16) 
where 

Oxi=g'gB^(W^T L ) 

O p =v 2 (t l L u ) 2 

Ox2=g 2 (W^r L ) 2 



'X2 

are oblique corrections, 

Ovi = -?fq (L^tl), 

V2 = ~q^T L q (L^tl) 
O v7 = -h"l{L tl T L ), 

Ov8 = -I'fTLl (LuT L ) 



(17) 



Ova = -vrfu (Lf,T L ) 
V5 = -drfd {L a r L ) 

V 9 = -I'fTjsl (L„T2l) 

Ovw = -e7 M e {L u t l ) 
(18) 



are gauge-fermion new physics contributions (T12 
T\ + iT 2 ; T21 = Ti — iT 2 ), and 



Otf = \{0 LL r 



40LL15) = {eLlpVL,)(v l j.l P Ve) 

(19) 

Cxi, 2, Op, Oyg and O^ are indirect contribu- 
tions: the first two shift the kinetic terms, the third 
renormalizes mz and the remaining two renormalize 
Gf- Ovis are the 4 direct contributions to gauge- 
fermion vertices in pp collisions (correcting left and 



right-handed uuZ and ddZ vertices), while for e + e _ 
Oyio and the combination ^Ov7~ Oys, respectively 
correct the right and left-handed e + e~ Z vertices. 

Comparing with the phenomenological parame- 
ters introduced in the previous Section, one finds 
the following matching equations: 



5m = -(3 
A z = -Ai 



v 

4A 2 ' 

A 2 

It 2 






(20) 



which are generic to both pp and e + e collisions. 
The previous set of equations, once plugged into 
Eqs. dill), lead to: 



5(l = 



2e 2 Ai - C2WVL + f3 

S2WC2W 

2e 2 Ai - C2WVR + 2s^//3 



S2V/C2W 



(21) 



where we have defined $ — —(Sm + Sq) — ft — V9 
and the parametrically-suppressed r/^f contribution 
has been neglected, {tjl = 777 — 773/2; r]R = 7710} for 
e + e~ collisions and {r\ L = f u (r)? + 77 8 /2) + f d (rj 7 - 
%/2); ??ij = S , u(>74)+3rf(%)} for pp collisions, where 
/ u ,d and g Uj d are a reminder that the coefficients 
have to be dressed with the appropriate parton dis- 
tribution functions. 

It is interesting to point out that in the case 
of e + e~ collisions the gauge-boson corrections in 
Eqs. (|2Tj) can be cast entirely in terms of the oblique 
S and T parameters. In general, the relevant 3 
gauge-fermion operators can be eliminated in favor 
of 3 charged triple gauge coefficients and the oblique 
parameters [3, [T^- However, since charged triple 
gauge operators do not contribute to the neutral pro- 
cesses, in practice this means that one can eliminate 
the gauge-fermion operators and express the gauge- 
fermion corrections of Eqs. (|21[) entirely in terms of 
(redefined) Ai and j3 coefficients, which can be re- 
lated to the oblique parameters as S — — 167rAi and 
aT = 20. Thus one finds 



Kl 



S4W 

a 
saw 



-(T-S) 
(2s 2 w T - S) 



(22) 



I want to emphasize that the manipulations leading 
to Eqs. (|22|) are only valid for e + e~ collisions (and in 
the nonlinear basis). In pp collisions, the increased 



number of gauge-fermion operators does not allow 
to remove them altogether. 1 

The most relevant difference between charged and 
neutral gauge boson pair production is that in the 
former the contribution to the triple gauge vertex 
arises at NLO with direct contributions from the 
Oxi-6 operators. In the neutral case, there are no 
direct contributions at NLO. This can be seen from 
the fact that \i( ' ,@Y ~ ( s — m v): which implies that 
contributions to neutral triple gauge vertices have to 
come at least at NNLO. At that order the effective 
Lagrangian generically reads 



^ 7/-^' 

C-NNLO = 2^ C 3 ~/^ 3 



(23) 



In Ref. [15| the NNLO classes were identified to be 
UD 6 , UXD 4 , X 2 UD 2 , i/j 2 UD 3 , X 3 U, ^ 2 UX and 
ip 2 UXD but the corresponding operators were not 
classified. If one works in the unitary gauge, contri- 
butions to // — > ZZ, jZ can potentially come only 
from X 3 U, ip 2 UX and %p 2 UXD, all the other classes 
having far too many gauge bosons. X 3 U and ip 2 UX 
produce corrections to charged triple gauge vertices, 
thus leaving ip 2 UXD as the only potential class for 
neutral triple gauge vertices. Without much effort, 
one can show that the relevant operators inside this 
class are 

+ ^jU) { W^L u ) + d -§j(f)B^{r L LA (24) 



A 2 



A 2 



r(L,R) _ 



where Jj?' a ' = {fj^f) L: R- 

Notice that the previous operators correspond to 
the contact term diagram in Fig.[T] while there is no 
contribution to the s-channel. This might sound sur- 
prising, since after all we are after the effects of triple 
gauge vertices. However, this is perfectly consistent: 
since neutral triple gauge vertices are proportional 
to (s — rriy), their effects can always be reabsorbed 
in the form of contact terms. In other words, the 
effective operators that can be constructed to affect 
nTGC can always be reduced using the equations of 
motion to operators with fermion fields [7j. Thus, 
the s-channel and contact configurations in Fig. [1] 
are not independent but complementary, depending 
on the choice of effective operator basis. 



1 Notice that even though some of the gauge-fermion coef- 
ficients in pp collisions can be replaced by Ai and /3, one 
can no longer relate them to S and T, which are defined 
for vanishing gauge-fermion operators. 



In order to see explicitly this equivalence and 
make contact with the triple gauge vertex coeffi- 
cients, use has to be made of the equations of motion 
for the gauge fields: 



d^B^ = g' 



D»W« U = g 



Y. Y djl»fj + V T (T L L v 



Y,foLluT a f jL - V -{T a L v 



(25) 



At linear colliders, one can restrict the fermion bilin- 
ears above to e + e~. In the unitary gauge one then 
finds that 



hJ = 



2s 



w 



e7„e = - 
e 



Cwd^Zau + S W d^Fav 



Szwd^Zuv - c 2W d fi F t _ ll/ 



(26) 



and, using that (also in the unitary gauge) 



(W^L") 



S2W 



-Z U W$) 



fit/ 



2s 



ir 



o=l,2 



(tM = 



-Z v 



Eq. ([24)) can be rewritten as 



-nTGV 



-j^-d x Z x »Z v Z^ 
^d x Z x »Z»F, 

^ZZ 



\iv 



A 2 

*z^ 

A 2 



d\Z x>i Z v Z 



//// 



^.d x Z^Z v F ia , 



Y^ w v{a) w$ 

(27) 



- hn-dxF^Z'F^ 
h^dxF^Z^Z^ 

h^-dxF^Z'Z^ 



(28) 



which is in agreement with Ref . [16|, [l7| . Both basis 
of operators can be related by 

\zz = —C-WCLW + S\v c LB + CwCRW ~ $W C RB 



X, 



cw 



clw — SwCLB 



sw cw 

- — crw — - — crb 
tiw t%w 



Xzy — —swclw — cwclb + swcrw + cwCrb 
, s w Cw Sw 

A~/Z — —SW C LW H CLB — Crw + 7 c rb 



c w 



2\V 



t 



2\r 



with analogous expressions holding for the dual op- 
erators. Using this basis, nTGC for ZZ and jZ 
production can be expressed as 



Mf = A 



zz- 



A 2 



Mi — ^z-^ 



\4 



\zz- 



A 2 



7 

m 2 



(30) 



\ 7 z 



A 2 



and 



z s - m 2 

Pi - - A ^7 A 2 

OZ _ I *-"»|. 

Pi — Xz 1 - 



PI 



7 _ 



A — 



A 2 



Pi — A ll «2 



(31) 



which indeed have the correct nY,f3Y ~ (s — rn v ) 
behavior. Intuitively, the third and fourth diagrams 
in Fig. Q] are equivalent because the structure of the 
triple gauge coefficients cancels the 7 and Z prop- 
agators, effectively shrinking the contributions to a 
contact term. 

However, it is worth emphasizing that trading the 
contact terms for the s-channel contributions is ex- 
clusive from e + e _ collisions. Eqs. (|2l))) only hold 
for this particular process. In general, for instance 
for pp collisions, where 4 gauge-fermion currents are 
needed, one can only eliminate the contact terms 
partially. As a result, in a full-fledged EFT analy- 
sis of new physics in neutral gauge boson pair pro- 
duction at hadron colliders one cannot eliminate the 
contact term in Fig. Q] but instead can eliminate 
the s-channel contribution. This is so because there 
are more operators involving fermion bilinears than 
gauge boson self-interactions. 

So far my discussion has concentrated on the 
nonlinearly-realized effective field theory of the elec- 
troweak interactions. Since no scalar particles are 
involved in the analysis, one expects very little devi- 
ations in the linear basis, except for occasional stuff- 
ings of the operators to higher dimensionality, as 
happens in WW production (see the discussion in 
Ref. Q). In the neutral case, it so turns out that 
every NLO operator discussed above is in a one-to- 
one correspondence with a corresponding operator in 
the linearly-realized EFT without any dimensional- 
ity shifts whatsoever: notice that the only potential 
exception, namely Oxi (NNLO in the linear basis) 
is eventually irrelevant in the analysis. 

Regarding the NNLO contact term operators in 
Eq. (|2"4"|) . the linear ones can be straightforwardly 
constructed by the following replacements: 



(Vi) 



D„ 



(Wf'Lv) -^--W^ a) (<p^ D a v 4>) (32) 



(29) where D„=D„ - D» and D^ T a D„ - D» T a . 
Therefore, in the linear basis there are also 8 inde- 



pendent NNLO operators contributing to the triple 
gauge vertex. This agrees with the conclusions of 
Re f. Jlq| and contrasts with the results obtained 
in [18[ and the statement made in [17J that there are 
just 2 independent operators. This latter statement, 
which is still used in some experimental analyses to 
constraint the new physics coefficients, is incorrect. 



IV. POLARIZED CROSS SECTIONS AT 
HIGH ENERGIES 



In this Section I will present the results for 
e + e~ — > jZ and e + e~ — > ZZ for different initial 
and final-state polarizations. I will show that gauge- 
fermion and triple gauge corrections leave rather dis- 
tinct signatures. While the former appear as tiny 
corrections to the dominant standard model back- 
ground in purely transversal (TT) production, the 
latter are parametrically dominant in LT-polarized 
final states. 

To fix my conventions, Zp, will be chosen to point 
in the positive z direction, and 9 will be the angle 



between the incoming e and Z^ 
ventions, 
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With these con- 
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For ZZ production one has 
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with /3 = y 1 - , while for 7Z production 
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In the following I will discuss each process sepa- 
rately. 



A. e + e — > 7Z 

The interference of standard model and new 
physics effects results in: 
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where j = L(R) denotes the contributions from 
purely left-handed (right-handed) polarized elec- 
trons. Q = C] 0) +^Cj, where d 0) = t~^, Qj 0) = -t w 
and SQ are given in Eqs. (pH]) . The nTGV param- 
eters f32A,2Z can be expressed in terms of A^ 7 , A 77 . 
However, it is more instructive to express them in 
terms of cjw, CjB- 
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from which it is clear that initial-state polarizations 
match. 

At a linear collider, the hierarchy v <C \fs <C A 
holds, and one can expand the results in powers of 
v 2 / s. The tree level standard model result is then 
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while new physics corrections take the form: 
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As mentioned at the beginning of this Section, the 
two contributions above have very distinct kinemati- 
cal behavior. This motivates to split the previous re- 
sult into the different final-state polarizations. The 
itemized contributions for generic energies are 
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In the high energy limit they reduce to 
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which are valid up to 0(v 2 / s 2 ) corrections. 
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dard model and new physics gives 



One can repeat the steps of the previous subsec- 
tion for ZZ production. The interference of the stan- 
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Triple gauge parameters can be likewise expressed 
in terms of Cjw and Cjb coefficients. The result 
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shows again that the initial polarizations match. 
However, since the specific combination of Cjw and 
Cjb differs in ZZ and 7Z (compare Eq. (|37[l and 
(|43t ). in a combined fit one can separately extract 
Cjw and Cjb for each initial-state polarization. 

At high energies the standard model result be- 
comes 
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and the new physics corrections are 
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Again, different final-state polarizations can be used 
to disentangle both contributions above. The results 
for generic energies for the different channels read 
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whose high energy behavior is 
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The results above are valid up to 0(v 2 / s 2 ) correc- 
tions. The LL channel only scales as 0(v 4 /s 3 ) and 
can be safely neglected. 



C. Numerical analysis 

The results for the different initial and final-state 
polarizations are shown in Fig. [2] as a function of 
energy for cos# = 0. For simplicity, the analysis has 
been restricted to ZZ and jZ production in e + e~ 
collisions. For the standard model parameters I have 
used 

m z = 91.19 GeV; s 2 w = 0.231; a = 1/129 (48) 

In order to estimate the expected size of the NLO 
new physics effects, I have used the gauge-fermion 
corrections in the form of Eq. (|22|) . The latest Gfit- 
ter results yield [19| 



S = 0.03 ±0.10; T= 0.05 ±0.12 



(49) 



with slightly more stringent bounds when U = is 
assumed. Taking the central values as representa- 
tive, one finds 



5( L =s 2 • 10- 4 ; 5( R ~ -1 • 10" 



(50) 



For the NNLO corrections, bounds are much weaker. 
At present, CDF J2Cj , CMS [H| and DO [H| have 
reached the 10 -2 precision on the nTGC, while 
ATLAS [2J, [24| provides the most precise deter- 
mination to date, with bounds on all the param- 
eters hovering around the lower 10~ 2 level. This 



is still far from the naive dimensional analysis esti- 
mate, which predicts effects at the 10~ 4 level. Trans- 
lated into the EFT coefficients, naively one expects 
CjW, CjB ~ v 2 /A 2 ~ 7 • 10 -3 . Here I will use 
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(51) 



which are on the conservative side. New physics sce- 
narios with heavy fermions [13|, [25[ are typical mech- 
anisms to generate anomalous nTGV. Such contri- 
butions have to vanish at asymptotically large ener- 
gies to comply with the triangle anomaly. However, 
if the heavy fermion thresholds sit not much above 
3 TeV, they can lead to sizeable enhancements on 
the NNLO coefficients. The plots of Fig. [2] there- 
fore show only a modest amount of new physics. If 
new physics appears at the TeV scale in the form 
of new fermion families, depending on their inter- 
family mass splittings, larger deviations can be eas- 
ily generated. 

The upper line in each panel of Fig. [5] corresponds 
to the TT channel, which overwhelmingly dominates 
the cross section for both ^Z and ZZ production. 
The main source of new physics in the TT channel 
comes from oblique corrections, which correct the 
standard model vertices at the permille level. In 
contrast, new physics effects in the subdominant FT 
channel are parametrically enhanced, and even the 
very small corrections of Eq. (|S"Tj) become detectable 
at yfs ~ (0.6 - 1) TeV. 



triple gauge operators for the neutral case only 
appear at NNLO. 

• Initial-state polarizations can be used in both 
cases to isolate different sets of EFT coeffi- 
cients. However, in the charged case the t- 
channel is purely left-handed, while in the neu- 
tral case left and right-handed polarizations 
are diagrammatically equivalent. 

• In the charged case, s-enhanced new physics 
contributions were generated by longitudinal 
(LL) final states. In the neutral case, LL final 
states are extremely suppressed and LT and 
TT final states are instead the dominant ones. 

• Redundancies among operators can be used to 
relate NLO gauge-fermion, oblique and triple 
gauge operators. In e + e~ — > W + W~ , the s- 
enhanced triple gauge operators can be elim- 
inated in favor of gauge-fermion ones. In the 
neutral case, the same relations can be used to 
eliminate the gauge-fermion operators in favor 
of the oblique S and T parameters. 

• For charged diboson production, gauge- 
fermion operators parametrically decouple in 
s from oblique and triple gauge operators. 
In the neutral case, this decoupling does not 
take place. Instead, oblique, gauge-fermion 
and triple gauge operators can be disentangled 
with final-state polarizations. 



V. COMPARISON WITH WW 
PRODUCTION 

It is instructive at this point to highlight the main 
differences between the EFT analysis presented here 
for neutral gauge boson pair production and that of 
Ref. Q for the charged diboson production. 

• In the charged case, the standard model con- 
tributions to triple gauge vertices appear first 
at tree level. In the neutral case, contribu- 
tions arise at one-loop through (anomalous) 
fermionic triangles. 

• The number of independent triple gauge struc- 
tures is substantially reduced in the neutral 
case and only comprises operators that either 
violate CP or P. Only the latter can interfere 
with the standard model contribution. This 
singles out 2 coefficients for ZZ production 
and 4 for jZ. 

• In terms of effective operators, both processes 
are affected by the same set of NLO gauge- 
fermion and oblique corrections. However, 



VI. CONCLUSIONS 

Given that so far there is no evidence of new 
physics below the TeV scale, adopting an effective 
field theory is the most general and efficient way 
to parametrize new physics effects at present-day 
hadron colliders and future linear colliders. In this 
paper I have presented a full-fledged EFT analy- 
sis of ZZ and jZ production both for the linear 
and nonlinear realizations of electroweak symmetry 
breaking. The analysis includes all possible sources 
of new physics up to NNLO, which turn out to be 
parametrizable in terms of 6 parameters for e + e~ 
collisions and 8 for pp collisions. For e + e~ colli- 
sions, all 6 parameters can be separately determined 
by exploiting the initial and final-state polarization 
structure of ZZ and jZ production at typical pro- 
jected linear collider energies, i.e., v 2 <C s <C A 2 . 

A polarization analysis actually turns out to be 
extremely rewarding. While the TT channel is dom- 
inated by the standard model and almost saturates 
the cross section, the subdominant LT channel of- 
fers a clean window for new physics detection, where 
nTGV effects are dominant. In contrast, the LL 
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FIG. 2: TT (solid upper line) and LT (solid lower line) final-state polarizations in the standard model as a function of 
energy (in GeV) for left-handed and right-handed initial-state polarizations, with cos8 — 0. Dashed lines indicate the 
typical new physics corrections: for LT it is parametrically enhanced with energy, while for TT it is only a permille 
correction. 



channel turns out to be irrelevant. Notice that this 
phenomenological pattern is in sharp contrast with 
the one that emerges from the corresponding EFT 
analysis of WW production Q . 

The previous pattern shows that linear colliders 
are excellent laboratories to constrain nTGC. Us- 
ing the magnifying power of linear collider energies 
in the LT channel, effects of NNLO coefficients can 
easily amount to 20% corrections. Conversely, in the 
absence thereof, one can place very stringent bounds 
on the corresponding new physics operators. 
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